In this study, mechanical properties and microstructures of a high-strength austenitic stainless steel 316LN (SUS316LN) welded through Gas Tungsten Arc Welding (GTAW) were examined for a basic study of high-power target system such as spallation mercury target and the others. About 300-kg ingot of SUS316LN reduced with impurity cobalt (<0.002wt%), which is denoted as SUS316LN-LCo, was fabricated for reduction of residual radio-activity of the vessel after the operation, and the SUS316LN with higher strength is expected to realize the robust target vessel for higher power operation. Some properties of the welded specimen of the SUS316LN-LCo were examined in the tensile tests, Vickers hardness, and microstructural observation. The tensile properties of the welded SUS316 LN-LCo were measured at room temperature. The yield strength and tensile strength in average were about 362 and 626 MPa, respectively. The uniform elongation, total elongation and reduction area in average were about 33%, 44% and 75 %, respectively. Vickers Hardness increased in the welded region, and it was found that the increment depended on the distance from the surface. From these results, it is found that the welded SUS316LN-LCo had good mechanical properties and good weldability.
Introduction
The mercury target vessel for the spallation neutron source at the Materials and Life Science Experimental Facility (MLF) in the Japan Proton Accelerator Research Complex (J-PARC) was fabricated using mainly 316L austenitic stainless steel (SUS316L). The target vessel is replaceable type and consists of multi-walled vessels, support frames between the vessels and a target flange, and a large connection flange (about 1.3 m in diameter) [1] [2] [3] [4] . The multi-walled vessels confine mercury, helium gas and cooling water. The length from the connection flange to the top of the vessel is about 2.0 m. Because the target vessel and the mercury are irradiated by 3 GeV protons, they are highly radioactivated [5, 6] . After the operation, the target vessel is replaced with a new one, and the used target vessel is stored temporary in the storage hot cell. To handle the used target vessel, it needs to wait for a long time until the residual radioactivity is reduced. For applications of accelerator target materials and the other nuclear environment materials, the reduction of cobalt (Co) concentration included as impurity is very important to reduce the residual radioactivity after the operation. To design the robust target vessel, the tensile and yield strengths should be higher. The value of design stress strength, which is denoted as Sm [7] , for SUS316L and SUS316LN are 116 MPa and 163 MPa, respectively at 25 o C. SUS316LN including 0.12-0.22% nitrogen is very useful as the material for the robust target vessel, because Sm is 1.4 times higher than SUS316L. Commercially-available SUS316L contains impurity Co about 0.1-0.4 wt%. Therefore, it is important to reduce the impurity Co during fabrication process for reduction of the residual radioactivity. Simultaneously, the weldability is very important in the fabrication process of the target vessel. It is well known that the weld solidification cracking strongly depends on the materials compositions such as Cr, Ni, P, and S [8] [9] [10] . In the production of SUS316LN ingot, the chemical composition has to be controlled to obtain good weldability. Some researches for fabrication methods of high strength SUS316LN were reported, and the mechanical tests were performed [11] [12] [13] . The microstructural evolution of SUS316LN with different compositions during solidification process under different cooling rates were examined [14] and the result coincided with Hammar and Svensson's prediction as below:
It was evaluated the following equivalent formulae for a prediction of the solidification mode using Cr equivalent (Creq) and Ni equivalent (Nieq) equations:
Further extensive works by Suutala and Moisio in 1979 [15] and Suutala in 1983 [16] showed that the above equivalents predict the solidification mode satisfactorily, based on the proper solidification paths for a large number of compositions. With the increased use of duplex stainless steels, the DeLong diagram was found no longer adequate. Siewert et al. in 1988 [17] proposed a new ferrite diagram that predicted ferritic steels and thus covered the complete range of austenitic and duplex stainless steels. The diagram was updated since known as the WRC-92 diagram by Kotecki and Siewert in 1992 [10] for Cr equivalent (Creq) and Ni equivalent (Nieq):
. Brooks et al. in 2003 [17] showed the solidification cracking behaviors using both prediction equations of Hammar and Svensson and WRC (Welding Research Council)-92. In this study, the main objective is to examine the mechanical properties and the microstructures of welded SUS316LN reduced with impurity Co, which is denoted as SUS316LN-LCo. 
Experimental

Fabricated SUS316LN Block
The ingot of SUS316LN-LCo about 350 kg was melted in a vacuum furnace. The chemical compositions were adjusted the value of Creq/Nieq with over 1.55 to obtain good weldability and to avoid weld solidification cracking from the equations of Hammar and Svenson. Based on the equations of (1) and (2), the ratio of Creq/Nieq was obtained to be 1.63 (Creq =22.57, Nieq =13.85), which is correspond to WRC-1992 value of 1.42 (Creq =20.65, Nieq =14.55). The chemical compositions of SUS316LN-LCo was prepared to obtain the aimed chemical composition as shown in TABLE I. Nitrogen element was inserted by N2 gas during the melting process, and then Ti element was doped as a deoxidizer during the melting process.
The weight of the melted ingot was about 350 kg. The upper part of the ingot with 50 kg in weight was removed firstly because it contains many of impurities. Then the outside surface of the ingot was also removed. The volume was reduced to about 37000 cm 3 . The fabricated plate after hot forging at temperatures between 950 o C and 1200 o C and after hot rolling at temperatures between 950 o C and 1050 o C is shown in Figure 1 . The hot forging image is seen in Figure 1 (a). Water cooling of the plate was performed at 1040 o C to avoid solute-atom segregation at grain boundaries and additional precipitate formation. In this fabrication test, the size of the SUS316LN plate was determined to imitate the size of the front trapezoid part of the target vessel of J-PARC that has about 332.9 mm to 453.2 mm in width, 416.0 mm in length and 121.6 mm in height, respectively.
Microstructure of the SUS316LN-LCo
The microstructures of the fabricated SUS316LN-LCo plate at 1/4 t, 1/2 t, and 3/4 t positions as given in Fig. 1(a) were observed and the lower magnification and the higher magnification images are shown in Figure 2 .
GTAW Welding Condition
To confirm the effects of GTAW welding, welding joint plates cut from the SUS316LN ingot were prepared. The welding wire material was TG-S317L (KOBELCO) and the diameter of welding wire was 1.6 mm. The groove shape of the welding joint plates with 10 mm in thickness is shown in Figure 3 . The GTAW welding condition is given in TABLE II. The welded plate with 10 mm in thickness after the welding is shown in Figure 4 . 
Mechanical Tests and Microstructural observation
The tensile tests of the welded specimens were also performed at room temperature and the test shape is shown in Figure 5 . The size of specimen gauge is 50 mm in length and 4.0 mm in diameter. Vickers hardness test of the welded specimen was performed at 5 kgf based on JIS Z 2244 guideline. The distance between each point was 8 mm. The microstructure of the welded joint specimen was observed by optical microscope.
Result and Discussion
The microstructures of the GTA welded SUS316LN-LCo plate with 10 mm in thickness are shown in Figure 6 , and no solidification crack was observed. In the The results of Vickers hardness tests showed that the hardness increased over 150 HV at the welded region, and it tended to increase linearly with the distance from the top surface as shown in Figure 7 . The increment result of the hardness change in the welding region in the SUS316LN was different from Furuya data for SUS316Lwelding experiment [19] . In this study the increment was observed to be induced by the welding even in non-fusion region, i.e., in matrix near the welded region.
The tensile properties of the welded SUS316 LN measured at room temperature and the yield strength and tensile strength in average were about 362 MPa and 626 MPa, respectively, while those in the base metal are 313 MPa and 625 MPa, respectively. The uniform elongation, total elongation and reduction area in average in the welded SUS316LN-LCo are about 33%, 44% and 75 %, respectively, while those in the base metal of SUS316LN-LCo are 34%, 57% and 79%, respectively. The yield strength increased and the total elongation decreased by welding. The difference of the yield strength in the welded specimens between the positions of t/4 and t/2 was not recognized. The tensile strengths were very closed to the values of base metal as given in Table III. From these results, it was found that the fabricated SUS316LN-LCo had good mechanical properties, and the welded SUS316LN-LCo had also good mechanical properties and good weldability. 
Summary
The welded mechanical properties and the microstructures of the high-strength austenitic stainless steel SUS316LN fabricated in this study were examined for the design of robust spallation mercury target vessel and the other nuclear applications. Then, the reduction of impurity Co concentration is very important to reduce the residual radioactivity of the vessel after the operation, and high strength steels such as SUS316LN are useful to realize the robust target vessel.
In this study, 350 kg of SUS316LN elements reduced with impurity Co (which is denoted as SUS316LN-LCo) were melted in high-frequency induction furnace in a vacuum. The chemical compositions were adjusted the value of Creq/Nieq with over 1.6 to obtain the good weldability and to avoid the weld solidification cracking according to the equations of Hammar and Svenson for Cr equivalent and Ni equivalent. About 300 kg ingot SUS316LN with very low <0.002wt%Co was fabricated after hot forging at temperatures between 950 o C and 1200 o C and hot rolling at temperatures between 950 o C and 1050 o C.
TGAW specimen of the SUS316LN-LCo with 10 mm plate in thickness were examined, and some properties of the SUS316LN-LCo such as the tensile tests, Vickers hardness, and microstructures were examined and the main results are given as below:
(1) The microstructures of the GTA welded SUS316LN-LCo plate with 10 mm in thickness were observed and no solidification crack was confirmed. Fusion line with about 5 microns in width could be seen along the welding boundary, and it was considered to be correspond to the heat affected zone. (2) Vickers hardness tests showed that the hardness increased over 150 HV at the welded region. It was found that it tended to increase linearly with the distance from the top surface. (3) The tensile properties of the welded SUS316 LN-LCo measured at room temperature and the yield strength and tensile strength in average were about 362 MPa and 626 MPa, respectively, while those in the matrix are 313 MPa and 625 MPa, respectively. The uniform elongation, total elongation and reduction area in average in the welded specimen are about 33%, 44% and 75 %, respectively, while those in the base metal specimen are 34%, 57% and 79%, respectively. The yield strength increased and the total elongation decreased by the welding. (4) The fabricated SUS316LN-LCo had good mechanical properties, and the welded SUS316LN-LCo had also good mechanical properties and good weldability. 
